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ABSTRACT
Background Previous research has examined the role of early-life risk factors on childhood weight gain.The extent to which these factors drive
socioeconomic differences in weight is unclear. We aimed to quantify the influence of early-life risk factors on the development of
socioeconomic inequalities in children’s body mass index (BMI) z-score at 10–11 years.
Methods Overall, 2186 children from the Longitudinal Study of Australian Children were examined. Socioeconomic position (SEP) was
measured as a continuous composite of parent’s education, occupation and income. The Product of Coefficients mediation method was used
to quantify the contribution of maternal smoking during pregnancy, gestational diabetes, prematurity, caesarean section, birthweight, not
being breastfed, early introduction of solid food, maternal BMI and paternal BMI to the relationship between SEP and BMI z-score.
Results Each increasing decile of SEP (higher SEP) was associated with a 0.05 unit lower (95% CI: −0.06, −0.03) BMI z-score at 10–11 years.
In total, 83.5% of these differences in BMI z-score could be explained by socioeconomic differences in maternal smoking during pregnancy
(26.9%), maternal BMI (39.6%) and paternal BMI (17.0%).
Conclusions Interventions to reduce socioeconomic inequalities in excess weight gain during childhood should support the attainment of a
healthy parental weight and prevent smoking during pregnancy.
Keywords childhood obesity, maternal obesity, pregnancy, smoking, socioeconomic deprivation
Introduction
Childhood obesity is a major public health problem.1
Consequences of obesity in childhood include increased risk of
type 2 diabetes, joint problems and musculoskeletal discomfort,
psychological problems and adult obesity,2,3 which is associated
with a higher incidence of metabolic syndrome, cardiovascular
diseases and several cancers.4 Despite the stabilization in the
prevalence of childhood obesity in some high-income countries5
this trend has been commonly limited to children with greater
social and economic resources.6 Consequently, socioeconomic
inequalities in obesity have widened in the last decade.
Pre-, peri- and postnatal risk factors have been identified as
determinants of subsequent childhood overweight/obesity.7
Early-life risk factors include smoking during pregnancy, par-
ental overweight, gestational diabetes, prematurity, high and
low birthweight, caesarean section, not being breastfed and
early introduction of solid foods.8 These risk factors tend to
cluster in socially patterned ways. For example, mothers with a
low educational level are more likely to smoke during preg-
nancy, which increases the risk of preterm birth, and thereby
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reduces the probability of breastfeeding.9 Consequently, chil-
dren with lower socioeconomic position (SEP) are more likely
to accumulate multiple early-life risk factors and to be at a
higher risk of excess weight gain during childhood compared
to children with higher SEP. Nevertheless, the extent to which
these early-life risk factors mediate socioeconomic inequalities
in weight gain across childhood is unclear due to limitations in
the evidence base.
A systematic review, which identified several modifiable
risk factors mediating socioeconomic differences in adiposity
among children, stated several limitations to the evidence
base:10 a lack of research using longitudinal data with
advanced mediation methods that quantifies the individual
contribution of mediators in the association between SEP
and weight gain during childhood and a lack of analyses
exploring different age groups throughout childhood using
different indicators of SEP. To overcome these limitations,
we aimed to use data from the Longitudinal Study of
Australian Children and methods for mediation analyses to
quantify the influence of early-life risk factors on the devel-
opment of socioeconomic inequalities in children’s body
mass index (BMI) z-score at age 10–11 years.
Methods
Study population
The LSAC is a nationally representative cross-sequential
sample of two cohorts of Australian children recruited in
2004: the birth cohort of (5107 infants aged 0–1 years) and
the kindergarten cohort (4983 children aged 4–5 years). The
study design and sample information are detailed else-
where.11 A cluster design and stratification of postal codes
were used to ensure a geographically representative sample
of the Australian population, except for children living in
remote areas. Children born between 1999 and 2000 were
recruited by the Health Insurance Commission (HIC) from
its Medicare Australia enrolment database by mailing out an
‘invitation to participate’ letter’ to the Medicare cardholder.
We included only data from children of the birth cohort
as information regarding early-life risk factors was not avail-
able for the kindergarten cohort. Overall, 8921 families were
contacted to participate in the LSAC study’s birth cohort
and 5107 agreed to participate. Data collection is ongoing
and includes face-to-face interviews conducted by profes-
sionals, questionnaires completed by the child’s primary
caregiver (usually the child’s mother) and physical measure-
ments conducted every 2 years from 2004. After 10 years
(wave 6), 3764 children remained in the cohort (retention
rate 73.7%). For this analysis, children with missing values
for the exposure, covariates or outcome of interest were
excluded. A total of 2186 children were finally included
(51.7% boys; Fig. 1). Participants lost at follow-up and those
without complete data were more likely to be of a lower
SEP, of Aboriginal or Torres Strait origin, or have a mother
who spoke a language other than English as the main lan-
guage at home (data not shown).
Parental written informed consent was obtained and the
protocols for the LSAC study were approved by the Australian
Institute of Family Studies Ethics Committee. This analysis
was approved by Deakin University Human Research Ethics
Committee (2016-161).
Socioeconomic position (exposure)
A continuous, relative, summary measure of family SEP was
generated and validated in the LSAC sample based on each
parent’s annual income, occupational status and highest level
of educational attainment and then dividing this by the num-
ber of parents in the home.12 Because of the relatively high
degree of tracking of SEP across LSAC waves, we used the
SEP score that was generated at the first wave of data col-
lection (age 0–1 years). This SEP score was used continu-
ously (in deciles) in our mediation analysis, and categorically
(in tertiles) for descriptive statistics.
Anthropometry (outcome)
Trained professionals measured children’s weight in light
clothing to the nearest 50 g by using digital scales and height
to the nearest 0.1 cm by using a portable rigid stadiometer.
BMI (kg/m2) was calculated and converted into continuous
age and sex-specific BMI z-score based on Centers for
Disease Control and Prevention (CDC) growth charts.13
Early-life risk factors (mediators)
Early-life risk factors were divided into prenatal, perinatal
and postnatal risk factors (Table 1).
Prenatal outcomes were self-reported by the child’s pri-
mary caregiver (usually the child’s mother) in face-to-face
interviews by asking: mother’s tobacco use during pregnancy
(categorized as yes/no; a mother was considered as a smo-
ker if she smoked during pregnancy, regardless of the num-
ber of cigarettes), and gestational diabetes (yes/no).
Perinatal outcomes were collected directly from the child’s
Health Record Book (i.e. baby book filled in at time of
birth): gestational age was categorized into <37 weeks (pre-
term) and ≥37 weeks (term); birthweight, categorized as
abnormal weight (including low <2.5 kg and high weight
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≥4 kg) and normal weight (2.5 to <4 kg) and caesarean sec-
tion (yes/no). The decision to dichotomize birthweight was
a requirement of using the binary_mediation command in
Stata requiring mediators to be coded as linear or dichotom-
ous variables. This categorization of birthweight has its limi-
tation as the mechanism of influence on childhood weight
gain is likely to differ for low, normal and high birthweights.
However, we found no significant relationship between SEP
and birthweight, regardless of the definition used, thereby pre-
cluding it as a possible mediator of the relationship between
SEP and 10-year z-BMI in our study (see Sensitivity analyses).
For descriptive purposes, birthweight was defined as low, nor-
mal and high birthweight in Table 1.
Postnatal outcomes ‘breastfeeding for at least 4 months
and early introduction of solid foods’ were obtained from
mothers with the following respective questions ‘How old
was your child when he/she completely stopped being
breastfed?’ (categorized for our analyses as breastfed for at
least 4 months, yes/no) and ‘How old was your child (in
days) when he/she had solid food regularly?’ (categorized as
early introduction of solid food (yes/no) when the mother
answered before 120 days). This last question was accom-
panied by the explanatory text ‘Regularly = more than twice
a week for several continuous weeks. Solid food = baby cer-
eals, pureed fruits, etc. not milks or drinks’. We chose to
dichotomize breastfeeding at 4 months because evidence
Fig. 1 Selection of the final study sample.
Table 1 Early-life risk factors and hypothesized mechanisms for influencing BMI
Risk factors Hypotheses
Prepartum
Maternal smoking during
pregnancy
Via intrauterine, exposure to smoke results in a prenatal undernutrition. This nutritional deprivation may lead to
increased nutrient achievement later and finally postnatal obesity.25
Gestational diabetes Foetal programming, shared genes and/or shared environments. Maternal gestational hyperglycaemia and
subsequent foetal hyperinsulinemia may predispose offspring to increased adiposity.27
Peripartum
Gestational age Individuals who were born preterm appear to be more prone to insulin resistance and post-term displayed
accelerated weight velocity and subsequent obesity.28
Caesarean section Caesarean section-born individuals do not make contact at birth with maternal vaginal and intestinal bacteria and
this could lead to long-term changes in the gut microbiota that could increase risk for childhood obesity.29
Birthweight Indicator of conditions experienced in utero. Low and high birthweight are associated with subsequent childhood
obesity through increased leptin levels after catch-up growth during childhood and programming for lean mass,
respectively.30
Postpartum
Exclusive breastfeeding for at
least 4 months
Breastfeeding may be protective against childhood obesity because it promotes self-regulation of an infant’s energy
intake, and the mother may learn to recognize her infant’s hunger and satiety cues.31
Early introduction of solid foods Formula-fed infants may increase their energy intake when solids are introduced.20
Maternal and paternal
overweight/obesity
Parental overweight and obesity could influence the risk of obesity in their descendants due to shared genes and
environmental factors within families.32
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suggests that being exclusively breastfed for at least 4 months
reduces the risk of overweight/obesity later in life.14,15
Parents indicated their weight and height at time of the
interview, when infants were aged between 26 and 79 weeks,
from which we calculated maternal BMI and paternal BMI
(used continuously in our analyses).
Covariates
We included the following covariates at wave 1: mother’s
age, child’s age and sex, aboriginal or Torres Strait Islander
(ATSI) origin determined from parents’ response to the
question ‘Is Child of Aboriginal or Torres Strait Islander ori-
gin? (yes/no) and mother’s main language other than
English (LOTE) determined by the question ‘Does Mother
speak a language other than English at home?’.
Descriptive analysis
For continuous covariates, mean and standard deviation
(SD) were reported.
Longitudinal mediation analyses
We conducted multiple mediation analyses using MacKinnon’s
product of coefficients methods16 to test the hypothesis that
early-life risk factors mediate the relationship between SEP in
the first year of life (wave 1) and BMI z-score at age 10–11
years (wave 6) (Fig. S1). All models were adjusted for wave 1
covariates including child’s age, sex, mother’s age, ATSI origin
and LOTE as mother’s main language at home. For dichot-
omous variables the reference category was considered the
normal (healthy) value. We performed the following steps for
our mediation analyses: (i) a linear regression model was fitted
to determine the total relationship between SEP (wave 1) and
BMI z-score (wave 6) adjusted for all confounders (c coeffi-
cient); (ii) separate logistic regression models were fitted to
determine the independent relationship between SEP and each
mediator at wave 1 (except when the outcome was a continu-
ous measure of maternal and paternal BMI in which linear
regression models were fitted) adjusted for all confounders (a
coefficient); (iii) a single linear regression model was fitted to
determine the relationship between each mediator (wave 1)
and BMI z-score (wave 6) adjusted for all confounders, the
exposure (SEP), and all other mediating variables (b coeffi-
cient); (iv) the binary_mediation command in Stata was used
to generate standardized coefficients from all models in steps
1–3 to account for the differing logit and linear scales and pro-
vided the indirect effect of SEP (wave 1) on BMI z-score
(wave 6) through each of the individual mediating variables
(wave 1) by taking the product of the standardized a- and
b-coefficients. The sum of all indirect effects (sum of ab for all
significant individual mediators) yielded the total indirect effect
through all mediators. We used a bootstrap with 5000 replica-
tions to obtain the standardized c- and ab-coefficients and their
respective 95% confidence intervals (CI); (v) The proportion
mediated (for each individual mediator and for all significant
mediators combined) was determined by dividing the indirect
effect (standardized ab coefficient) by the total effect (standar-
dized c coefficient). All assumptions related to regression and
MacKinnon mediation methods were tested and upheld.16
Sensitivity analyses
We tested if our mediation results were robust by (i) select-
ing an earlier age group as our outcome (BMI z-score at age
6–7 years); (ii) dichotomizing our outcome to non-overweight
(thin and normal weight) versus overweight (overweight and
obese) according to the International Obesity Taskforce age-
and gender-specific criteria thresholds17 and (iii) using mother’s
highest level of educational attainment as an alternative meas-
ure of SEP, categorized as low education (high school or less),
medium (graduate certificate, diploma or advanced diploma)
and high (bachelor or postgraduate qualification).
We calculated the impact of including the mediator, birth-
weight, as dichotomous (normal or abnormal birthweight)
by testing the ‘a’ and ‘b’ relationship with birthweight coded
as a three categorical variable (low, medium and high
birthweight).
We determined whether our analyses were sensitive to non-
response and attrition by applying LSAC sample weights11 to
our descriptive analyses and regression models. As we could
not incorporate sample weights into the stata binary_mediation
command, we tested the impact of including these LSAC sam-
ple weights on all ‘a’ and ‘b’ relationships.
All analyses were performed using Stata 14.0 version.
Results
Table 2 summarizes crude sociodemographic and anthropo-
metric characteristics of children and prenatal, perinatal and
postnatal factors according to tertiles of SEP. The propor-
tion of overweight and obesity was higher among children
with a lower SEP compared to children with a higher SEP.
A higher percentage of several early-life risk factors (mater-
nal smoking during pregnancy, not being breastfed, early
introduction of solid food and maternal overweight/obesity)
was observed among children with a lower SEP compared
to children with a higher SEP.
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Table 2 Population characteristics according to tertile of socioeconomic position
Lower
SEP
Middle
SEP
Higher
SEP
n = 2186 424 (19.4%) 775 (35.4%) 987 (45.1%)
Baseline (wave 1)
Sex (% male) 48.8% 50.4% 53.6%
Age (months) 8.8 (2.3) 8.6 (2.3) 9.4 (2.2)
Mother’s age 30.3 (5.4) 31.5 (4.7) 33.1 (4.0)
Aboriginal or Torres Strait Islander 3.5% 1.8% 0.6%
LOTE as mother’s main language spoken at home 9.4% 8.1% 11.3%
Prenatal factors
Maternal smoking during pregnancy
No 77.8% 86.1% 94.9%
Yes 22.2% 13.9% 5.1%
Gestational diabetes
No 93.4% 95.7% 94.8%
Yes 6.6% 4.3% 5.2%
Perinatal factors
Gestational age
Term 93.9% 92.5% 94.9%
Preterm 6.1% 7.5% 5.1%
Caesarean section
No 74.1% 68.8% 67.2%
Yes 27.8% 31.2% 32.8%
Birthweight
Normal 78.1% 81.0% 82.6%
Low 5.4% 5.9% 3.8%
High 16.5% 13.1% 13.6%
Postnatal factors
Maternal overweight
No 46.0% 54.0% 65.0%
Yes 54.0% 46.0% 35.0%
Paternal overweight
No 33.0% 31.1% 33.8%
Yes 67.0% 69.9% 66.2%
Breastfeeding at least 4 months
Yes 48.1% 60.5% 69.6%
No 51.9% 39.5% 30.4%
Introduction of solid foods before 4 months
No 85.9% 92.3% 94.3%
Yes 14.4% 7.7% 5.7%
Wave 4 (age 6–7 years)
BMI z-score 0.50 (0.99) 0.36 (0.95) 0.30 (0.89)
Overweight/obese 22.4% 16.9% 14.9%
Wave 6 (age 10–11 years)
BMI z-score 0.47 (1.06) 0.32 (1.04) 0.15 (0.95)
Overweight/obese 32.3% 25.7% 16.6%
Figures in table are means and standard deviations or proportions. SEP, socioeconomic position; LOTE, language other than English; BMI, body mass index.
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Mediation results
Results of mediation analysis can be found in Table 3.
Associations between SEP and children’s BMI z-score
at age 10–11 years (c coefficient)
Each increasing decile of SEP (higher SEP) was associated
with a 0.05 unit lower (95% C:I −0.06, −0.03) BMI z-score
at age 10–11 years.
Relationship between SEP and each mediator
(a coefficient)
We observed significant negative associations between SEP
and maternal smoking (−0.26, 95% CI: −0.32, −0.20), non-
breastfed for at least 4 months (−0.14, 95% CI: 0.11, 0.18),
maternal BMI (−0.38, 95% CI: −0.47, −0.29), paternal BMI
(−0.18, 95% CI: −0.24, −0.11) and early introduction of
solid foods (−0.16, 95% CI: −0.22, −0.10). No association
was observed between SEP and preterm birth, caesarean
section and abnormal birthweight.
Relationship between each mediator and BMI z-score
at age 10–11 years (b coefficient)
We observed significant positive associations between mater-
nal smoking during pregnancy and child’s BMI z-score
(0.32, 95% CI: 0.19, 0.45), between maternal BMI and
child’s BMI z-score (0.05, 95% CI: 0.04, 0.06) and between
paternal BMI and child’s BMI z-score (0.05, 95% CI: 0.04,
0.06). No associations were observed between any other
early-life risk factors studied and BMI z-score.
The mediating effect of early-life risk factors on the
relationship between SEP and BMI z-score at age
10–11 years (ab coefficient)
Of the early-life risk factors examined, maternal smoking during
pregnancy, maternal BMI and paternal BMI were significantly
associated with both the exposure (SEP; a-coefficient) and
the outcome (BMI z-score at age 10–11 years; b-coefficient).
Maternal smoking during pregnancy, maternal BMI and
paternal BMI mediated 26.9, 39.6 and 17.0% of the relation-
ship between SEP and children’s BMI z-score, respectively.
These three early-life risk factors explained 83.5% of the
socioeconomic differential in BMI z-score at age 10–11
years (−0.11, 95% CI: −0.13, −0.01).
Sensitivity analyses
When using BMI z-score at age 6–7 years as our outcome
(instead of at age 10–11 years) although the total mediated
effect of early-life risk factors was similar to our primary
analyses, only maternal and paternal BMI were significant
mediators, which mediated 60.3 and 23.2% of the relation-
ship between SEP and BMI z-score, respectively (Table S1).
When using mother’s education as our exposure the same
mediators were significantly related to SEP and to BMI
z-score at age 10 years as was observed in the primary ana-
lysis (Table S2). When dichotomizing our outcome variable
to represent normal weight and overweight or obese the
same mediators were identified as the primary analyses,
albeit to a lesser degree (17.2% for maternal smoking during
Table 3 Results from mediation analysis examining the contribution of early-life risk factors on the development of socioeconomic differences in BMI
z-score at age 10
Association between SEP
and mediator
Association between
mediator and BMI
z-score
Mediated effect Proportion mediated
%
a* 95% CI b* 95%CI ab* 95% CI
Maternal smoking during pregnancy −0.26 (−0.31, −0.20) 0.32 (0.19, 0.45) −0.035 (−0.051, −0.021) 26.9%
Gestational diabetes −0.05 (−0.12, 0.03) −0.05 (−0.23, 0.13) 0.001 (−0.003, 0.005)
Preterm −0.04 (−0.11, 0.03) −0.12 (−0.29, 0.04) 0.001 (−0.001, 0.006)
Caesarean section 0.02 (−0.02, 0.05) 0.07 (−0.02, 0.15) 0.001 (−0.001, 0.003)
Abnormal birthweight −0.02 (−0.07, 0.02) 0.09 (−0.01, 0.19) −0.001 (−0.003, 0.001)
Non-breastfed at least 4 months −0.14 (−0.18, −0.11) −0.03 (−0.11, 0.06) 0.003 (−0.009, 0.012)
Maternal BMI −0.38 (−0.47, −0.29) 0.05 (0.04, 0.06) −0.051 (−0.066, −0.038) 39.6%
Paternal BMI −0.18 (−0.24, −0.11) 0.05 (0.04, 0.06) −0.022 (−0.032, −0.016) 17.0%
Early introduction of solid foods −0.16 (−0.22, −0.10) −0.05 (−0.20, 0.10) 0.003 (−0.005, 0.012)
Sum of significant mediators −0.108 (−0.132, −0.008) 83.5%
Bold type denotes significant values. *a, coefficient adjusted for all confounders (child’s age, sex, mother’s age, ATSI origin and LOTE as mother’s main lan-
guage at home); b, coefficient adjusted for all confounders, the exposure (SEP), and all other mediating variables; ab, standardized ab coefficient.
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pregnancy, 26.4% for maternal BMI and 10.3% for paternal
BMI) (Table S3).
The relationships between SEP and all mediators and
between all mediators and BMI z-score did not appreciably
differ after applying LSAC sample weights (Table S4).
Discussion
Main finding of this study
Using a longitudinal cohort of Australian children, we demon-
strate that early-life risk factors can explain more than 80% of
the differences in children’s BMI z-score at age 10 across SEP
groups. Maternal smoking during pregnancy, maternal BMI
and paternal BMI (collected when children were aged 0–1
years) explained 26.9, 39.6 and 17.0% of the socioeconomic
differences in children’s BMI z-score, respectively.
Our results are consistent with previous research. Using a
cohort of children born in the UK, Massion et al.18 identified
that maternal smoking during pregnancy and maternal pre-
pregnancy overweight were the most important determinants
of inequalities in childhood overweight at 11 years (mediat-
ing ~40% of inequalities in childhood overweight). Our
findings also corroborate results from a Dutch cohort of
6-year-old children, where paternal BMI and smoking during
pregnancy attenuated 54% of the association between mater-
nal education and BMI SD scores.19
In our analysis being breastfed for at least 4 months was
not associated with a lower BMI at age 10–11 years and
therefore was not considered a significant mediator of the
association between SEP and children’s BMI z-score.
Breastfeeding has been recognized as a mediator of SEP dif-
ferences in children’s adiposity20 and mainly in children in
the first year of life.21 Nevertheless, the evidence in the lit-
erature for this relationship is inconsistent with some studies
reporting breastfed children have a lower risk of childhood
obesity than those who have not been breastfed22 while
others stated that this evidence could be influenced by con-
founding factors and breastfeeding would not be likely to be
a protective factor for childhood obesity.23
We also found an inverse relationship between SEP and
maternal smoking, early introduction of solid food, not being
breastfed for at least 4 months and parental BMI, which has
been corroborated in previous investigations.24 Possible
mechanisms of maternal smoking and parental BMI on
inequalities in BMI are likely to be explained through their
action on weight gain. Maternal smoking is associated with
foetal growth retardation and subsequent catch-up growth,
affectation of the hypothalamic function exerting a negative
impact on appetite control or by enhancing dietary preference
for fat through neural pathways.25 Parental BMI may influence
the risk of offspring obesity via genes that promote, or are less
resistant, to weight gain and environmental and behavioural
factors within families that drive energy imbalance.26
What is already known on this topic
In high-income countries, children with a lower SEP are
more likely to be overweight or obese compared to children
with a higher SEP. Early-life risk factors, such as maternal
smoking, not being breastfeed, early introduction of solid
food or maternal overweight and obesity, are socially pat-
terned and have been identified as predictors of childhood
obesity.
What this study adds
Whilst there have been a small number of studies that have
investigated the contribution of individual early-life risk fac-
tors to socioeconomic inequalities in adiposity among chil-
dren,10 to our knowledge, this is the first paper to perform
multiple mediation analyses using MacKinnon’s product of
coefficients methods at two time points (from birth to age
6–7 and from birth to age 10–11 years) in an Australian
sample. We used two indicators of SEP (mother’s education
and a composite indictor) and two methods of assessing
children’s outcome (BMI z-score and a dichotomous meas-
ure of normal or overweight) to provide a more precise role
of the explored mediators. We demonstrated that early-life
risk factors can explain more than 80% of the socio-
economic differences in excess weight among children at age
10–11 years. Maternal BMI was the largest contributor to the
socioeconomic inequalities in children’s weight at age 10–11
years, followed by maternal smoking during pregnancy and
paternal BMI. Interventions that lead to reduction in maternal
smoking during pregnancy and in parental BMI across the
socioeconomic gradient are essential to reduce socioeconomic
inequalities in childhood overweight and obesity.
Limitations of this study
The limitations of this study include possible selection bias
because some participants (mainly children whose parents
had a lower SEP, of Indigenous origin, or spoke a language
other than English as the main language at home) did not
respond to all study questions or did not continue to participate
across study waves and the reliance on self-reported measures.
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